Abstract: In order to investigate the effect of a hall response on music players, subjective tests on professional players were performed in an electrically simulated sound field. For the experimental system, a 6-channel sound simulation technique has been contrived in which 6-channnel directional impulse responses measured in real halls are used to synthesize the test sound field in an anechoic room. In the subjective experiment, the subjects (players) performed several types of notes and responded to the questionnaires. From the result of the experiment, the relationship between the subjective judgments and acoustical properties of the sound field was examined.
INTRODUCTION
In concert hall acoustics, the acoustical requirements for music players on the stage should be considered as well as those for the audience. On this topic, subjective evaluation of stage acoustics, laboratory experiments in which the acoustic conditions can be changed freely and quickly are quite effective and these kinds of experiments have been conducted by several researchers so far [1] [2] [3] [4] . In these experiments, however, the sound field was modeled by simply adding discrete reflections and/or artificial reverberation and therefore the sound quality and fidelity were limited.
In order to make the subjects feel that they are virtually playing on the real concert hall stage, a 6-channel sound field simulation system has been developed. In this paper, this simulation technique is introduced and the results of the subjective experiment on professional music players performed by applying this system are presented.
SIMULATION SYSTEM FOR STAGE ACOUSTICS

Principle
For the recording/reproduction system to simulate actual sound fields in an anechoic room with 3-dimentional information, the authors have contrived a 6-channel sound field simulation system [5] . In applying this methods to the subjective experiment on stage acoustics, the sound of a musical instrument played by the subject (dry music signal) is picked up by a microphone and convolved with the directional impulse responses on the stage of a real concert hall in six orthogonal directions measured to be presented to the subject in the simulated sound field constructed in an anechoic room [6] .
Figure 1(a) shows the arrangement of the sound source and the microphone for the measurement of room impulse responses at the player's position on a stage. This arrangement was determined by simplifying the geometrical relationship between a player and his/her musical instrument. A dodecahedral loudspeaker system (TS-12M) with omni-directional characteristic up to 2 k Hz is located at a representative position on the stage. A uni-directional microphone (Sony C48) is located at a point close to the sound source and the directional impulse response is measured six times by rotating the microphone in 90-degree increments. To obtain the room acoustic indices, a monaural impulse response is also measured at the receiving point using an omni-directional microphone. These measurements are executed using the time-stretchedpulse method [7, 8] .
The simulated sound field is constructed in an anechoic room of 7 meters on each side [See Fig. 1(b) ]. For the dry music signal, the sound from the subject's instrument is detected using a uni-directional microphone (Sony, C48) set at a point close to the subject in the simulated sound field. The signal is convolved with the 6-channel direc-tional impulse response signals with 2.7 s duration time using a 6-channel real-time digital convolution system (Lake, Huron 3.0). Here, the direct sound from the sound source and the reflection from the stage floor in the directional impulse response signals are excluded. This is because the direct sound from the musical instrument gets to the player directly in the simulated sound field. The reflection from the stage floor is not simulated in the simulation system used in this experiment because the loudspeaker under the floor is located 2 m apart from the listening position and the delay time of 8 to 9 ms of the floor reflection can not be simulated.
The convolved signals are reproduced through six loudspeakers (TANNOY, T12) arranged on a spherical surface of 2 m radius in the anechoic room so that the lines between each pair of loudspeakers cross at right angles. The frequency characteristics through the whole system used in room impulse response measurement in the real halls, the directional microphone used to get the dry music signal and the six loudspeakers for the reproduction in the anechoic room are equalized over the frequency range from 125 Hz to 4 kHz in octave bands.
Reproduction Accuracy
Using the 6-channel measurement system mentioned above, acoustic measurements have been performed in eleven halls in Japan and 25 sets of 6-channel room impulse response data have been obtained. Among them, the data obtained at different positions on the stage in a hall and for different conditions of the stage reflectors are included. Using these data, the acoustical condition on each stage was simulated in the anechoic room in the way mentioned above. In order to examine the reproduction accuracy of the simulation system, the monaural impulse response was measured in the simulated sound field in the same way as in the measurement in the real sound field [ Fig. 1(a) ] by setting an omni-directional microphone at the center position in the simulated sound field. The measurement results in the middle frequency range covering the two octave bands with center frequencies of 500 Hz and 1 k Hz are shown below.
Echo diagram: Figure 2 (a) shows two examples of the correspondence of the echo diagrams between the real field (upper figures) and the simulated field (lower figures). The echo diagrams are shown in envelope form by root-meansquare processing using 0.5 ms time constant. In these results, quite a good accordance of the early reflection and reverberation process can be seen between the real field and the simulated one. In other cases, almost the same results have been obtained.
Reverberation decay: From the monaural impulse responses measured in the real field and the simulated one, the reverberation time was obtained by the integrated impulse response method, in which the reverberation decay from À20 dB to À50 dB was assessed to exclude the effect of strong direct sound and early reflection. Figure 2 (b) shows their correspondence; the mean difference between the real fields and the simulated ones is 0.07 s and the standard deviation is 0.07 s. In other frequency ranges, almost the same correspondences are seen.
Strength of the reflections: In order to realize the actual strength of the reflections coming to the performance position, the relative level of the reflections coming from the six loudspeakers to the direct sound (L R/D ) was adjusted. In this procedure, the sound energy (squared and time-integrated sound pressure) was calculated for the reflections and the direct sound, respectively. In order to examine the results of adjustment and equalization mentioned before, L R/D was measured for each frequency band from 125 Hz to 4 k Hz. Figure 2( value for 25 different sound field conditions. In this result, very good agreement is seen in 500 Hz and 1 k Hz bands, whereas some discrepancies up to 3 dB are seen in lower and upper frequency ranges. The error in 125 Hz and 250 Hz bands might be caused by the effect of feed-back from the loudspeakers to the microphone used to detect the direct sound from the musical instrument because the directivity of the microphone is relatively soft in low frequency bands. The error in 2 k Hz and 4 k Hz bands might be caused by the fact that the omni-directivity of the dodecahedral loudspeaker system used in the measurement is not perfect in high frequency bands. For the evaluation of the energy of reflections, two kinds of ST values, (ST 1 and ST late ), proposed by Gade [1, 9] were measured for the middle frequency range. ST values describe the ratio between the energy of the reflections and that of the direct sound. ST 1 evaluates the energy of the early reflection from 10 to 100 ms and ST late evaluates that of the late reflection after 100 ms. Although these values were originally proposed to be measured at a point 1 m apart from the sound source, they were measured at the receiving position shown in Fig. 1 (a) in this study. This is because the distance of 1 m between the sound source and the receiving position is too long for the distance between the ears of a player and his/her musical instrument. The correspondences of these values between the real fields and the simulated ones are shown in Fig. 2(d) . In the result of ST 1 , the mean difference is 0.61 dB and the standard deviation is 1.37 dB. In the result of ST late , they are 0.25 dB and 0.71 dB, respectively.
From the experimental results mentioned above, it can be said that a fairly precise simulation of the sound field on stage can be realized with this system from a physical view point.
Players' Auditory Impression in the Simulated
Sound Field In order to examine the applicability of the simulation system to subjective tests, a preliminary experiment was performed in advance of the test mentioned later. In the simulated sound field, a subject was positioned at the center point of the field and played his/her musical instrument freely to check the naturalness of the hypothetical stage. The experimenter who also stayed in the test room questioned the subject on his/her auditory impression by changing the test condition in seven to ten variations. Table 1 shows two examples of the comments made by a clarinet player and a viola player. In the table, it is seen that they could describe each condition using various kinds of terms such as spatial impression, reverberation properties, sound propagation characteristics, and based on the conditions of the hall, the musicians change their playing style to suit the situation. Further, it is seen that the players' preference may change according to the types of performance such as solo, in quartet, with piano and in orchestra. Almost all subjects commented that they could have real and natural impressions as if they were playing on the stage in real halls. A few players, however, pointed that the tonal quality was somewhat unnatural especially in high tones, which may be attributed to the technical limit of the present electric simulation system used here.
Another finding is that music players sense the acoustic characteristics of the sound field very precisely and express their impression in various words, however their linguistic expressions are very different according to their individual vocabulary. This could be true because it is not necessary to express their auditory impression in words in their usual musical activities and it might be difficult for music players. Nevertheless, the comments made by each subject are very informative to see his/her auditory impressions and the conversations between the subject and the experimenter under each sound field condition is effective to extract and understand the subject's auditory sense during performance.
SUBJECTIVE EXPERIMENT USING THE SIMULATION SYSTEM
3.1. System In order to investigate the effect of the room response on music players on the stage, the room impulse response was divided into three parts; early reflections, reverberation decay process and late reflections. As shown in Fig. 3 , the simulation system was contrived to change each part separately in steps and the experimental conditions were set.
In this experiment, the 6-channel directional impulse response data measured in a concert hall with 1,702 seats, 17,800 m 3 volume and 2.3 s reverberation time in midfrequencies were used as the standard room impulse response signals because the transient characteristic of this hall is fairly smooth and natural. The standard signals were divided into two parts; the early reflection region and the reverberation region in such a way as mentioned below.
Early Reflection: The time span of the early reflection was defined as 10 ms to 100 ms from the beginning of the room impulse response and the signals contained in this time span in the standard 6-channel impulse responses were sampled. In these signals, the direct sound and the reflection from the stage floor were not included. Since the result of our previous research indicated that the effect of early reflection on players is very subtle [10, 11] , the waveform of the early reflection which started at 50 ms after the direct sounds was fixed and its level was changed in three steps in this study (see Table 2 ).
Reverberation: For the reverberation process, the signals between 100 ms and 2,702 ms of the standard impulse response signals were used and they were modified by multiplying exponential functions to change the reverberation time in three steps (see Table 2 ).
Late Reflection: In large concert halls, it is sometimes observed that noticeable late reflections with considerably long delay time are included in the reverberation process. On this point, the authors examined the effect of such reflections on players using another sound field simulation technique than that used here [12, 13] . As a result, it was found that this kind of late reflection is not necessarily disturbing but it in fact can be beneficial for the players if its magnitude and delay time are proper. Following this finding, the effect of the late reflection was again examined in this experiment. To simulate the late reflection, a relatively distinct late reflection measured in another concert hall shown in Fig. 4(a) was sampled by multiplying It is similar to our accustomed hall. The sense of unity is also felt and the size of the hall became lager. It is like general large halls.
The space is felt large in lateral directions. I can play in comfort but the sound is not effective to E-hall (Procenium, 1,500 seats, V=13,900 m 3 , RT=2.2 s)
The space became much narrower and it is felt like in shoe-box type hall. The amount of reverberation from lateral directions is less than actual shoe-box hall.
It is a very good hall, but sometimes metallic sound is heard. The sound flies too much. The reverberation itself is excellent and I can play very naturally.
convey detailed expressions. It is difficult to u ke ma a n ance though it is reverberant. Fig. 3 Block diagram of the simulation system for subjective experiment. an envelope function shown in Fig. 4(b) . The result shown in Fig. 4(c) was fixed as the artificial late reflection with 250 ms delay time, which means the distance between the measurement position on the stage and the rear wall of audience area is around 40 m as is often observed in large concert halls, and it was reproduced from the loudspeaker simulating the sound from the rear part of the audience area.
Conditions
To examine the effect of each part in the room response mentioned above, three parameters, that is, the level of the early reflection, the reverberation time, and the level of the late reflection were changed in three steps, respectively (see Table 2 ). These conditions were determined by considering the data of ten acoustical conditions measured at the center points on the stage in seven large concert halls in Japan.
To examine the experimental conditions, the impulse response at the center point in the simulated sound field was measured using the same set-up as that used for the examination of the simulation accuracy of the system mentioned before. That is, the sound source and the receiving system were set as shown in Fig. 1(a) . Here, an omni-directional microphone was used instead of the unidirectional microphone. The values in Table 2 are the results in the middle frequency range covering the two octave bands with center frequencies of 500 Hz and 1 k Hz.
For the case of the early reflection, the measured values ST 1 are shown in Table 2 . The magnitude of the reverberation was set so that the value of ST late was À20 dB by considering the fact that the average value of ST late in real halls was À20:4 dB. This value was almost consistent regardless of the variation of the experimental conditions of the reverberation time and late reflection. The levels of the late reflection were adjusted as follows; the condition without the late reflection was set as the standard condition L1 (None) and the other conditions are as follows. L2 was the condition that the late reflection was softly audible when an impulsive sound was generated and L3 was the condition that the reflection was clearly audible. The values to indicate the level of the late reflection shown in Table 2 are ST late measured in the condition where only the system of the late reflection was reproduced.
Procedures
The subjective tests were performed on twelve professional music players; three flute players, one clarinet player, two oboe players, three violin players and three viola players.
Each subject was positioned at the center point in the simulated sound field and played his/her instrument by imaging that the performance was on a real stage. In this case, the subject was allowed to select arbitrary pieces or techniques proper to examine the characteristics of each experimental condition. After playing, the subject was asked to describe his/her auditory impression of each experimental condition (nine in total as shown in Table 2 ) on such points as spatial impression, reverberation properties, sound propagation characteristics. Also, the subject was asked to make a 5-step category judgment for several items which had been chosen for each subject through interview survey conducted in advance of the experiment. During the experiment, the experimenter also stayed in the anechoic room and asked the subject's response by direct conversation.
In this experiment, positive action of professional musicians on sound field in halls and the differences among individuals were highly respected. That is, musicians do not only listen to the sound passively but also examine the acoustical condition using their instrument positively and adjust their playing technique to each acoustical condition. Besides, the way of sensing the acoustical characteristics of a hall is different for each player and for each instrument and therefore the keywords are not necessarily common to all players. By considering these facts, the procedure of the experiment was determined as mentioned above.
In addition to the absolute evaluation of each experimental condition, the subject was asked to compare the three conditions for each factor (early reflection, reverberation and late reflection; see Table 2 ).
Experimental Results
As was expected in advance, the judgment results by each subject much diverged and the results of the categorical judgment were neither decisive nor stable. In this case, therefore, common statistical treatment does not provide any meaningful interpretation of the subjects' judgments. Then, the response of each subject was examined individually and the free comments were mainly taken into consideration. As an example, the results for the six wind-instrument players are arranged in Table 3 .
Concerning the favorable condition for music performance in solo, the best preferred condition among three steps for each factor was examined. Figure 5 shows the number of the players who chose each condition as the best among the three steps. For a player who chose two steps in each factor, 0.5 was given to each step.
In the results, the following tendencies have been found. a. Reverberation time. All of the wind-instrument players preferred the reverberation condition R2 (1.9 s). Their general comments were as follows; if the reverberation is shorter than that, it is not sufficient to feel the effect of a hall, whereas if the reverberation is longer than that, it may be disturbing especially for hearing each : the best preferred conditions among the three steps of each factor other in ensemble performance. In the case of the string-instrument players, they tended to prefer the longer reverberation condition (R3, 2.2 s), whereas several subjects commented that under this condition the reverberation may make it difficult to hear each other in ensemble performance. The tendency was also found that the difference of the reverberation condition makes the players sense the difference of spatial size (room volume) of the hall. That is, the longer reverberation makes the players feel larger room volume. b. Strength of the early reflection. When changing the level of the early reflection, the subjective impression of spatial size was varied. That is, the stronger the early reflection was, the smaller spatial size was sensed. This judgment was common among the wind-instrument players. Several string instrument players commented that the sound field was felt to be more reverberant when the early reflection was weaker. It should also be noted that there were a few subjects who commented that the differences of each experimental condition were very subtle and they could not be judged. Generally, the weakest condition of the early reflection E3 was best preferred. c. Strength of the late reflection. Concerning the late reflection, all wind-instrument players preferred the conditions L2 and L3, under which the late reflection was audible, to the condition L1 (without reflection). Regarding these conditions with audible late reflection, the subjects commented that they could feel at ease and/or they could convey the detailed expression to the audience. In the results for the string-instrument players, such a tendency was not clearly found. That is, three subjects preferred the conditions L2 and L3 because he/she felt that the sound penetrated to the audience area or it is easy to add nuance, whereas there were three subjects who preferred the condition without late reflection.
In the results for string-instrument players, the judgments were less common compared to those for the windinstrument players. This might be attributed to the individual difference of performance activity, playing style, and role in performance (soloist, ''top,'' or ''tutti'').
CONCLUSIONS
In this study, a new sound field simulation technique to reproduce 3-dimensional sound field on the stage of a concert hall was constructed. By applying the system, subjective experiments were performed to examine the relationship between physical conditions and the subjective impression of music players.
As a result of the experiment, it has been found that such factors as reverberation time, energy of the early reflection, and level of the late reflection can considerably change the players' impression.
Regarding the reverberation time, it was indicated that players felt that the moderate condition was pleasant whereas it was also pointed out that the long reverberation might be disturbing in the case of ensemble performance.
As to the early reflections, the difference of its strength was judged as a change of spatial size by most of the windinstrument players. In addition, the weaker level of the early reflection tended to be preferred among the experimental conditions set in this study. As the acoustic indices for conditions on stage, several indices have been proposed up to now [9, 14] and most of these indices are related to the condition of early reflections. Also in acoustic design of halls, the early reflection is usually taken noticed and various types of sound reflectors are designed to reinforce early reflections on the stage. However, the early reflection does not necessarily be ''support'' of the players as found in this study. This point should be further investigated.
Regarding the late reflection, it might be judged not necessarily disturbing but rather favorable when its strength is proper. From the comments of the players participated in the experiment in this study, it was indicated that they can feel the sound spreading to the audience area when the late reflection is sensed moderate. Consequently, it has been suggested that the players can feel ''support'' by the late reflection rather than by the early reflection. This means that it is necessary to carefully consider the architectural treatment of the rear part of the audience area in the acoustical design of concert halls.
In this study, music players' reactions in their subconscious to the sound field were extracted through cooperative conversation between the subjects (musicians) and the experimenter. In this kind of psychological study, such an interactive relationship between the subjects and the experimenter is very important. Besides, it should be also noted that the positive action of musicians introduced into this study is very important to examine psychological phenomena during their actual performance. In the past studies in psycho-acoustics, the statistical examination to extract psychological quantity from the subjects was generally adopted. That is, researchers preliminarily decide the sound stimuli and the items of psychological scales, impose them on the subjects and analyze the subjects' responses as the psychological phenomena, which is rather in one-sided relationship. However, the psychological structure of musicians is not so simple as to be understood using such a usual method. Regarding these points, the psychological method itself should be investigated. We are now making a consideration focusing on the cognitive modeling to extract the perception of musicians, which will be presented in another paper.
